A. Introduction
Cellulose is a polysaccharide, accounting for approximately 50z of plant cell walls, and is most abundant organic compound in nature. Although 10-100 Mt of cellulose is photosynthesized every year on earth (1), only a limited amount is used at present, mainly as aˆber source. However, the reduction of carbon dioxide emissions ratiˆed in the Kyoto protocol and the recent sharp rise in the price of oil and crops emphasize the importance of better utilization of cellulosic materials. Consequently, application trials of cellulose as a source of liquid fuels and as a raw material of various chemicals have been started in many countries (2) . Since cellulose is mainly degraded and metabolized by cellulolytic microorganisms in nature, bio-conversion processes using these microorganisms and/or enzymes produced by them have attracted much interest from the viewpoint of cellulosic biomass utilization in the last decade. The degradation of cellulosic materials is, however, quite slow compared to commercial chemical processes, and this is a serious barrier to practical applications. The velocity of cellulose degradation by cellulase is often compared to that of amylose (starch) degradation by amylase. Although both polysaccharides are composed of 1,4-linked glucose homo-polymer, it is well known that the a-(amylose) or b-(cellulose) nature of the glucosidic linkage greatly aŠects the physical properties of these glucans, and their degradability by enzymes. An important factor in enzymatic degradation is the solubility of the substrates. Amylose becomes soluble when the degree of polymerization (DP) is less than 20, whereas cellooligosaccharide with a DP of higher than 6 is almost insoluble; therefore in nature, cellulose hydrolysis by cellulase is carried out at a solid/liquid interface. In this review, we would like to introduce our recent studies on the kinetic analysis of cellulose hydrolysis, taking into account the surface density ( r) of cellulase (3, 4) . Application of this analytical method is also described (5, 6) .
B. Hydrolysis of crystalline cellulose by cellobiohydrolase
In plant cell walls, cellulose is accumulated in crystalline form (also known as cellulose I) and in amorphous form (7) , and the term cellulase is generally used for enzymes hydrolyzing substrates containing b-1,4-glucosidic linkages. Many cellulases have been puriˆed and their substrate speciˆcities characterized in detail, and it is reported that almost all cellulases utilize amorphous cellulose as a substrate, whereas only a limited number of cellulases can hydrolyze crystalline cellulose. The question arises, what is the critical diŠerence between amorphous and crystalline cellulose? In the case of amorphous cellulose, each cellulose chain is hydrated; in other words, many water molecules exist around individual cellulose chains, and enzymesubstrate (ES) complex can easily be formed. In crystalline cellulose, however, cellulose chains are highly ordered (packed) by hydrophobic interaction, and so it is necessary for enzymes to separate single cellulose chain from the crystal before hydrolyzing it. Therefore, in order to degrade crystalline cellulose, cellulase should perform two processes: separating a single chain from the crystal and hydrolyzing the glucosidic linkage. The group of cellulases that can degrade crystalline cellulose is generally called cellobiohydrolase (CBH) (8, 9) . As shown in Fig. 1 , CBHs commonly share a two-domain structure with a cellulose binding domain (CBD) and a catalytic domain (CD) connected by a linker peptide (10, 11) . When CBH is proteolytically cleaved and CD is separated from CBD (12), degradation of crystalline cellulose is drastically reduced, whereas hydrolysis of soluble substrates and amorphous cellulose is maintained (13) . This clearly shows that adsorption of the enzyme on the surface of the substrate via the CBD is important, in addition to hydrolysis by CD, during the course of crystalline cellulose degradation. On the other hand, an increase of enzyme concentration produces a higher density of cellulase on the crystalline surface, and these bound molecules may interfere with the ability of the CD of other enzyme molecules to capture a single cellulose chain. Since CBH is adsorbed on the surface of the substrate only via CBD, but not via both CD and CBD, this is called non-productive binding, because no hydrolytic product is formed by these molecules (14) . Therefore, there is an optimum amount of adsorbed enzyme on the surface of cellulose.
C. How can we estimate the surface area of cellulose accessible to cellulase?
When we think about enzymatic degradation of an insoluble substrate, such as cellulose, it is very di‹cult to deˆne substrate concentration. For example, if 1 g/L of cellulosic substrate is added to the reaction mixture, it is not the case that the substrate concentration is the same regardless of the nature of the cellulose samples. Since cellulases act at the surface of the substrate, diŠerences in the surface area of cellulose result in diŠerent eŠective substrate concentrations for a cellulase. Moreover, it is known that CBD is adsorbed at the hydrophobic surface of cellulose (15, 16) . Therefore, the available surface area for cellulase is variable, since the area of hydrophobic surface depends on the shape of crystal, and cannot be estimated from the amount of adsorbed nitrogen or water. It may be possible to use dyes that can bind to the hydrophobic surface of cellulose to estimate the available area. However, the shape of crystals and the surface area accessible to cellulase change during the process of hydrolysis, so it is quite di‹cult to estimate the eŠective surface area during the reaction of cellulase.
Considering these di‹culties, we developed a method to estimate the relative surface area of cellulose from the adsorption maxima of the enzyme (A max ), as illustrated in Fig. 2 . This method does not allow us to calculate actual surface area in units such as m 2 /g, but it enables us to know the relative surface area available to cellulase itself, e.g., X molecules of cellulase can bind to 1 g of substrate. Moreover, this method makes it possible to estimate the surface area available to cellulase regardless of changes in the surface area of cellulosic samples caused by diŠerences in sample preparation or changes in the surface area during the hydrolytic process. Therefore, the relative surface area is deˆned in terms of A max , and the quotient of amount of adsorbed cellulase (A) by Amax (A/Amax) is used to adjust for diŠerences or changes of surface area. This number is deˆned as surface density ( r), and the possible situations of CBH molecules at cellulose surfaces with low and high r-values are compared in Fig. 3 . In both cases, 4 enzyme molecules are bound on the surface, whereas 20 molecules can be adsorbed on the left side (Amax＝20) and the surface area is su‹cient for only 5 molecules on the right side (Amax＝5), so that r-values of the left and right sides are 0.2 and 0.8, respectively. Thiŝ gure clearly shows that the environments of cellulase are diŠerent, even though the numbers of adsorbed enzyme molecules are the same. On the other hand, if two cellulose samples have the same surface features and cellulase is added with the same r-value, the changes of surface area during sample preparation or hydrolysis are compensated in this approach, and therefore do not in‰uence the analysis. Plots of production rate of the products (v) and speciˆc activity of bound enzyme (k＝v/A) against r are expected to provide novel information about the degradation of cellulose by cellulases.
D. Surface density analysis using Trichoderma cellobiohydrolase and highly crystalline cellulose samples (3,4)
We tested whether the concept of surface density ( r) can be applied for the analysis of actual experiments. We used glycoside hydrolase family 7 CBH from Trichoderma (Cel7A) as the cellulase, and cellulose Ia-rich cellulose from Cladophora sp., cellulose Ib from tunicin (Halocynthia roretzi), and another cellulose Ib from hydrothermally treated (annealed) Cladophora cellulose (17, 18) as highly crystalline celluloses. All cellulose samples were characterized in detail by transmission electron microscopy, synchrotron X-ray diŠraction analysis, and Fourier-transform infrared spectrometry. First, the amount of adsorbed enzyme was plotted versus free Cel7A concentration using 1 g/L of cellulose (Fig. 4) . The A max values for Cladophora cellulose Ia-rich cellulose, Halocynthia cellulose Ib and annealed Cladophora cellulose Ib were 2.2, 3.2, 2.6 nmol/mg, respectively, indicating that the surface area available to cellulase diŠers depending on the cellulose sample and method of preparation, that the cellulose Ib from tunicin has a larger surface area than the Cladophora celluloses, and that hydrothermal treatment increases the surface area available to Ce7A by approximately 20z.
As shown in Fig. 5A , when cellobiose production was plotted versus r, an apparent maximum was observed around r＝0.3-0.4 for all cellulose samples. This may be because the increase of enzyme concentration enhances the number of non-productively bound enzyme molecules and the total hydrolytic activity is decreased. This result indicates that su‹cient space for approximately another 2 enzyme molecules per adsorbed molecule must be left free in order to allow optimum hydrolysis of crystalline cellulose. Clearly, this information is important to optimize the reaction conditions of cellulase.
Finally, the r-dependence of speciˆc activity of adsorbed enzyme (k) was evaluated as shown in Fig. 5B . The speciˆc activities of Cel7A were reduced with increase of r-value for all three substrates. In addition, speciˆc activity for Cladophora cellulose Ia-rich cellulose was almost twice that for Halocynthia cellulose Ib. This re‰ects well theˆnding by Hayashi and coworkers that cellulose Ia is much more susceptible to enzymatic hydrolysis than cellulose Ib (19, 20) . In addition, the r-k plots were very similar to each other, although Halocynthia cellulose I b and annealed Cladophora cellulose Ib were prepared from diŠerent sources and by diŠerent methods. The observation that the r-dependence of cellobiose production ( Fig. 5A ) showed diŠerent patterns in the two samples is well explained by the assumption that the speciˆc activity of bound enzyme is the same on these crystalline celluloses, but the amount of adsorbed enzyme aŠects the productivity of cellobiose. This means that the surface density analysis provides a consistent explanation of why the reactivity of cellulase is strongly aŠected by the properties of the substrates. E. EŠects of crystalline polymorphs of cellulose on the hydrolysis by cellulase (5,6) As described above, the properties of the substrates strongly in‰uence its degradability. Therefore, as shown in Fig. 6 , Cladophora cellulose was converted by hydrothermal treatment, supercritical ammonia treatment (21, 22) , and both treatments to obtain four kinds of samples, i.e., cellulose Ia-rich cellulose, cellulose Ib, cellulose IIII, and cellulose I? b , respectively, and the hydrolysis of these samples by Cel7A was examined. In order to distinguish hydrothermally treated and supercritical ammoniahydrothermally treated celluloses, the designation cellulose I? b was used for the crystalline cellulose subjected to both treatments. The cellobiose production from cellulose I? b obtained by sequential supercritical ammoniahydrothermal treatments was 1.5 times higher than that from cellulose Ib (Fig. 7A ). However, since the amount of adsorbed Cel7A on cellulose I? b was similarly enhanced compared to cellulose I b , the r-dependence of speciˆc activity of bound enzyme (k) showed quite similar curves for the two crystalline celluloses (Fig. 7B ). This suggests that cellulose I? b used in this study has a larger hydrophobic surface, where cellulase can be adsorbed and hydrolysis can proceed, as compared with cellulose Ib. In addition, although the amount of adsorbed enzyme on cellulose IIII was less than twice that of cellulose Ia-rich cellulose, the production rate of cellobiose by Cel7A from cellulose IIII reached more than 10 times higher than that from cellulose Ia-rich cellulose as shown in Fig. 7A . Moreover, when k is plotted versus r (Fig. 7B) , the speciˆc activity of bound enzyme for cellulose IIII was considerably higher not only at low r-value, but also at higher r-value, suggesting that the hydrolytic e‹ciency is increased by the conversion of the crystalline polymorphic form from cellulose I to cellulose IIII. The structure of cellulose IIII was recently solved by synchrotron X-ray and neutronˆber diŠraction, and it was found that the crystal structure of cellulose IIII is less closely packed than that of cellulose I (23). Thus, structural changes of cellulosic substrates are a very important means to increase the e‹ciency of hydrolysis by cellulase.
F. Conclusion
Kinetic analysis taking account of surface density ( r) is a novel approach to clarify the mechanism of cellulose hydrolysis by cellulase, and is becoming widely accepted as a basic concept for understanding the enzymatic degradation of insoluble substrates, which can not readily be analyzed with previous methods. Since an understanding of enzymatic reactions at solid/liquid interfaces is essential for e‹cient biomass utilization, we expect that this analysis willˆnd many applications.
